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idney transplantation is the preferred treatment for endstage renal disease, offering clear survival and quality of life benefits relative to dialysis. 1 However, there is a critical shortage of deceased donor kidneys, such that allocation is tightly constrained.
Kidney allocation is based on balancing the principles of utilitarianism ("utility") and distributive justice ("equity"). 2, 3 By the utility principle, an optimal system maximizes posttransplant allograft survival to minimize retransplantation rate, thus providing more kidneys to benefit the entire endstage renal disease population. The equity principle aims to maintain equal access for patients who might benefit from kidney transplantation, even if their posttransplant outcome may trail that of the "ideal" candidate. In contrast, liver allocation is based on medical urgency: candidates are prioritized based on waitlist mortality as a surrogate for how urgently they need a liver for survival.
In simultaneous liver-kidney (SLK) transplantation, the kidney "follows" the liver into a patient allocated a deceased donor liver based on the urgency-based allocation system. Since the advent of the Model for End-stage Liver Disease (MELD)-guided allocation era in liver transplantation, the proportion of all deceased donor kidneys allocated to SLK transplants has increased to approximately 5% as of 2015. Patients with end-stage liver disease (ESLD) and pretransplant kidney failure fare significantly worse than those without kidney failure, even with the availability of dialysis. 4, 5 However, kidney failure in ESLD may reverse with liver transplant and time alone. [6] [7] [8] Existing clinical criteria differentiate poorly among patients who will recover and those who will not. [9] [10] [11] Undertransplanting SLK may thus lead to worse survival and eventual dialysis dependence in liver transplant recipients, whereas overtransplanting SLK may lead to organ wastage and decreased access for kidney transplant candidates without liver disease.
Herein, we apply the principle of utility to the current SLK system. Most deceased donors donate 2 kidneys identical in quality to 2 different recipients: a natural experiment approximating a randomized trial of kidney allocation. Although these patient groups are profoundly different, they are similar in that they all use a deceased donor kidney allograft. From the perspective of maximizing the utility of transplanted kidneys, the comparison is therefore justified. We aimed to determine the years of allograft function gained or lost by allocating a kidney allograft to SLK candidates over kidney and kidney-pancreas transplant candidates.
MATERIALS AND METHODS
The Scientific Registry of Transplant Recipients (SRTR) contains de-identified data on all solid organ transplant donors, recipients, and recipient candidates in the United States. It also incorporates dialysis start dates from the Centers of Medicare and Medicaid Services, thus ensuring accurate ascertainment of kidney allograft failure. [12] [13] [14] We identified all donor-matched kidney pairs between January 1, 1995, and December 3, 2014, where 1 kidney was used in SLK and the other in kidney-alone (Ki) or simultaneous pancreas-kidney (SPK) transplantation. We chose the study period based on availability of a full complement of donor characteristics, up to the implementation of the Kidney Allocation System (KAS). We defined SLK transplantation as deceased donor liver and kidney transplantations occurring within 2 days in the same recipient. 15, 16 We aimed to establish a cohort of adult SLK recipients without prolonged pretransplant dialysis, ie not on dialysis, or on dialysis for fewer than 90 days at the time of transplantation, since the SLK controversy is mostly concentrated in this patient population. We excluded recipients of pediatric transplants, concomitant multi-solid organ transplants other than SPK, SLK transplants for a metabolic disorder or familial amyloidosis, and SLK transplants with requiring pretransplant dialysis for 90 days or more.
For sensitivity analysis, we assembled 2 additional cohorts identical to the primary cohort except in pretransplant dialysis duration. Cohort 1 further excluded 84 SLK recipients who were missing dialysis vintage despite being on dialysis at the time of transplantation. Cohort 2 was identical to the cohort in the primary analysis, but restricted to SLK recipients who received dialysis for 90 or more days pretransplant and their donor-paired kidney recipients.
We calculated the Kidney Donor Risk Index (KDRI), a marker of kidney quality, for each transplant kidney according to United Network of Organ Sharing publications. 17 In practice, the KDRI is mapped to Kidney Donor Profile Index (KDPI), a 1-to 100-point system denoting the percentile category of the kidney in quality relative to all kidneys allocated in the previous year. We grouped kidneys into KDPI categories (≤20, 20-80, and >80), as these categories reflected allocation tiers in the KAS. The biological MELD score was calculated from the last serum creatinine, bilirubin, and international normalized ratios of prothrombin time available from the liver transplant candidate history sheet. 18 The primary outcome was allograft survival, defined as freedom from death or allograft failure. Secondary outcomes were death and allograft failure, defined as dialysis initiation or kidney retransplantation.
Statistical Analysis
We stratified all analyses by MELD era and adjusted for the correlation between kidney pairs from the same donor. We compared baseline characteristics of SLK versus Ki/SPK transplants using a paired Student t test and McNemar test for continuous and categorical variables, respectively.
We censored follow-up time at 10 years posttransplant, or on December 4, 2014, whichever came first. We used flexible parametric models to estimate the mean allograft lifespan in the first 10 years posttransplant, ie., the area under the curve for allograft survival censored at 10 years. 19 This model allowed transplant assignment, SLK versus Ki/SPK, to be modeled as a time-dependent covariate, since the hazards of death and allograft failure were not proportional. The fully adjusted models included adjustment for donor KDRI, donor group (kidney versus kidney-pancreas), donor sex, kidney cold ischemia time, delayed graft function, and recipient age, sex, race, diabetes status, prior kidney transplant status, dialysis status, and insurance status. For secondary outcomes, we modeled the cumulative incidence function of death and allograft failure using flexible parametric models that account for competing risk of allograft failure and patient death. 20 We modeled predictions on patients 20, 40, and 60 years old who were dialysis-dependent at the time of transplant, adjusting for all other covariates. Please see Appendix 1, SDC (http://links.lww.com/TP/B351) for more complete details on the 2 models.
For sensitivity analysis, we used multiple imputation to handle missing data and ran the same analyses as detailed above.
Life Years after Transplant Subanalysis
We performed a sub-analysis to estimate the life years after transplant (LYFT) for each kidney allograft used in SLK. Conceptually, LYFT is the expected posttransplant patient survival minus expected patient survival without a transplant, ie., the survival benefit accorded by receiving the transplant. Wolfe et al 21 estimated the LYFT for each Ki and SPK transplant, stratified based on recipient age and diabetes status at the time of transplantation. We therefore calculated the LYFT that would be expected if each kidney allograft used in SLK was used in Ki or SPK instead, as the age-and diabetes status-weighted average of LYFTs of the donormatched kidney (Appendix 5, SDC, http://links.lww.com/ TP/B351, for details).
Data handling and statistical analysis were conducted using SAS 9.4 (Cary, NC) and STATA 14.1 (StataCorp). Stanford University's Institutional Review Board approved this study in accordance with the Declaration of Helsinki (protocol number IRB-32753).
RESULTS
Our final study cohort consisted of 3293 SLK matched to 2614 Ki and 679 SPK transplant recipients ( Figure 1 ). Baseline characteristics are summarized in Table 1 . Kidney donor quality was generally excellent: in the MELD era, median KDRI was 0.83 and 33% of kidneys had KDPI ≤20. Kidneys allocated to SPK candidates and their SLK pairs were of higher quality than those allocated to Ki candidates and their SLK pairs (median KDRI: 0.75 vs 0.88; P < 0.001). Compared with their Ki/SPK counterparts, SLK recipients were older and less likely to be female, black, insured by public insurance, diabetic, or dialysis-dependent pretransplant.
The bottom 2 panels of Figure 2 summarize the primary outcome for kidneys used in SLK versus Ki/SPK transplants, stratified by the liver allocation era. In the MELD era, the adjusted 10-year mean allograft lifespan, graphically presented by the area under the curve for each survival plot, was higher in Ki/SPK transplants (7.64 years) compared with SLK transplants (6.53 years) by approximately 1 year (0.99; 95% confidence interval, 0.71-1.28). In the pre-MELD era, this difference was almost 2 years (1.71; 95% confidence interval, 1.17-2.26). The top 2 panels of Figure 2 demonstrate the primary outcomes for MELD-era kidneys used in SLK versus Ki and SPK transplants separately. The differences between adjusted 10-year mean allograft lifespan for Ki versus SLK transplants was 1.25 (95% confident interval, 0.95-1.55) years and for SPK versus SLK transplants was 0.62 (95% confidence interval, 0.12-1.11) years. Figure 3 is a closer examination of the cumulative incidence of posttransplant death and allograft failure in the MELD era, adjusted for age at transplantation. The 10-year cumulative incidence of death was significantly higher for SLK recipients than for Ki/SPK recipients, especially as age increased: 0.14 versus 0.07 (P = NS) for 20-year-old recipients, 0.29 versus 0.15 (P = 0.05) for 40-year-old recipients, and 0.51 versus 0.29 (P = 0.05) for 60-year-old recipients. and 60-year-old recipients, respectively), but the 95% confidence intervals largely overlapped. Patterns for the pre-MELD era were similar. Figure 4 displays the population-averaged effect size of the difference in 10-year mean allograft lifespan between SLK and Ki/SPK recipients across different strata. SLK recipients experienced poorer kidney allograft survival regardless of liver allocation era, donor quality, donor sex, and whether the donor-matched kidney was used in Ki or SPK, with no significant effect modification (interaction P values all >0.05).
In the LYFT subset analysis, the median LYFT for an allograft used in SLK was 5.92 (25th to 75th percentile range, 5.50-6.39) years if it had been used in Ki and 9.28 (25th to 75th percentile range, 8.60-10.08) if it had been used in KP.
We performed the sensitivity analyses in 2 additional cohorts with different pretransplant dialysis vintage cutoffs (see Materials and Methods) and using multiple imputation for missing variables. The results for these cohorts were virtually identical to that of the primary analysis cohort (Appendix 2 and 3, SDC, http://links. lww.com/TP/B351). Multiple imputation for missing variables did not materially alter our results (Appendix 4, SDC, http://links.lww.com/TP/B351).
DISCUSSION
In this era of organ shortage, fair and equitable allocation of deceased donor organs is a key objective of the transplant community. We sought to address the SLK system from the utility perspective. We focused on the use of SLK transplantation to treat kidney failure of relatively short duration in ESLD, excluding patients with metabolic disorders and patients on dialysis for 90 days or more, among whom the benefit of SLK transplantation is virtually undisputed.
We have shown that, in the current liver allocation era (the MELD era), use of kidneys in SLK transplants for kidney failure of short duration currently results in an average loss of one year of function per allograft, compared to their alternative uses in Ki/SPK transplantation. This estimate, derived from data censored at 10 years posttransplant, is a conservative estimate of the net effect across the allograft's whole lifespan. A recent publication by Choudhury et al, 22 also using a matekidney design, has similarly concluded that kidney allograft survival is inferior when kidneys are used in SLK rather than kidney-alone transplantation. Our studies differ most by the metric in which we assessed allograft survival. Rather than using 5-year kidney graft survival as a binary outcome, we chose to directly estimate the expected allograft lifespan over the first 10 years of transplantation, therefore arriving at a result that is more precisely quantitative and more intuitive to interpret. Results for the SLK-Ki and SLK-SPK comparisons are for MELD era only, whereas results for SLK-Ki/SPK are stratified by liver allocation era. Numbers at risk are listed above the X-axis (top-row: reference group; bottom-row: SLK). * Multivariate adjustment was for kidney donor risk index, donor group (kidney versus kidney-pancreas), donor sex, kidney cold ischemia time, delayed graft function, and recipient age, sex, race, diabetes status, prior kidney transplant status, dialysis status, and insurance status. ** The initial number of pairs were 2658/407 rather than 2829/464 due to missing data.
We chose to focus on allograft survival, encompassing both patient death and allograft failure, as the primary outcome. Although this is the traditional metric of utility in kidney transplantation, there is an important caveat. Allograft failure is defined as retransplantation or dialysis reinitiation.
Thus, transplant recipients with residual (native) kidney function will appear to have a lower allograft failure rates than transplant recipients without, even if their allograft function were identical. In limiting our SLK cohort to patients with pretransplant dialysis of short duration, we would expect a bias toward lower rates of allograft failure and allograft loss in the SLK group, again suggesting that our estimate on the loss of functioning allograft years associated with SLK transplantation is an underestimate of the true effect.
We found comparable allograft failure rates in SLK recipients and Ki/SPK recipients when death was accounted for in a competing risk framework. In contrast, Fong et al 23 mate-kidney study, using data from the pre-MELD era, concluded a kidney allograft-enhancing effect conferred by the liver. An intriguing hypothesis is whether the liver, in acting as an antibody "sink," can "protect" a kidney allograft immunologically in a highly sensitized patient with preformed donor-specific antibodies. 24, 25 We suspect that the difference in our finding stems from our use of a competing risk framework and adjustment for additional recipient covariates known to modify long-term kidney graft outcome, eg diabetes status, prior kidney transplantation, and insurance status, which were not balanced in the SLK and Ki/SPK groups in either Fong et al or our study. Furthermore, as discussed above, generally preserved residual kidney function in the SLK group will bias result toward an apparent improvement in kidney allograft survival, independent of any immunologic factors that might be in play. We therefore do not find evidence to support the contention that the liver exerts a clinically significant salutary effect on kidney allograft survival. Whether such an effect exists in a subset of highly sensitized patients remains an open question for future investigation.
We included SPK transplantation in the reference group alongside Ki transplantation, against which SLK transplantation was compared, despite the similarity between SPK and SLK in that both bypasses the KAS in determining kidney allocation. This was done for several reasons. The renal indication for SPK transplantation, advanced diabetic nephropathy, is biologically irreversible, whereas kidney failure in ESLD is often reversible, albeit difficult to predict. The concern over whether SLK transplantation may be causing organ wastage is therefore not relevant to SPK transplantation. SPK transplantation also lends itself to excellent long-term patient and allograft outcomes 26, 27 ; therefore, we believe that inclusion of both Ki and SPK transplantation in our reference group is justified. This comparison between SPK and SLK transplantation does highlight 2 key challenges that frame the controversy over SLK allocation: (1) the difficulty in determining the biological indication for kidney transplant, ie. whether the kidney failure is truly reversible and (2) the inferior posttransplant outcomes which we have highlighted. To address any residual concern regarding inclusion of SPK recipients in our referent group, we also conducted the analysis including only Ki recipients as reference (Figure 2 ). Results were qualitatively unchanged, and quantitatively very similar.
Brought into focus by our findings is the discrepancy between the current state of SLK transplantation and the KAS. The KAS upholds as 1 of its tenets "mak[ing] better use of available kidneys," 28 which entails some degree of matching between projected recipient survival and allograft survival. SLK transplantation contradicts this tenet in matching kidneys of excellent quality to recipients with a high posttransplant mortality. In our analysis, while kidney allograft survival is comparable between SLK and Ki/SPK recipients, the higher relative mortality in SLK recipients persists beyond the first year, suggesting a sustained negative effect of ESLD despite transplantation. The mortality difference is especially meaningful for older SLK recipients. Given that the median age for SLK recipients is 56, the implication is that much of the utility decrement we have observed is attributable to the allocation of kidneys to elder SLK recipients with relatively high posttransplant mortality.
These findings highlight the fundamental tension between utility-based allocation, aimed at maximizing posttransplant survival as in KAS, and urgency-based allocation, aimed at minimizing waitlist mortality as in liver allocation. When the urgency principle is applied to kidney allocation, as in the case of SLK, kidneys are preferentially allocated to patients with higher medical urgency with the resultant decrement in posttransplant kidney allograft survival. A natural compromise between the 2 competing principles is benefitbased allocation, in which access to organs is in part determined by the expected benefit. 21, 29 Benefit is the incremental reduction in mortality attributable to the kidney allograft. In the case of Ki and SPK, the best quantification of benefit is life-years after transplant, calculated in our cohort to be approximately 6 years for Ki and 9 years for SPK. As attractive as benefit-based allocation might be, accurately quantifying the net benefit from each organ transplant is challenging. 29 A 2014 study of patients waitlisted for SLK but who received liver-only transplant reported 5-year survival of 73% versus 52% in favor of SLK transplantation. 30 The survival curves showed a sharp drop in survival within 2 days of transplantation in the liver-only group, beyond which they were parallel. It is unclear whether there is an immediate benefit of SLK, or whether these findings simply reflect confounding by indication, that is, the tenuous condition of the recipient during or soon after the liver transplant operation precluded the kidney operation. A propensity scorematched analysis of Scientific Registry of Transplant Recipient data 31 found a modest 3.7-month expected gain in survival time with SLK during the first 5 years posttransplant. The latter study is limited by residual confounding from unobserved confounders not adequately captured by SRTR. Our study was not designed to answer the question of the incremental benefit of the kidney to liver transplant recipients, but our findings support its central importance to the controversy of liver-kidney allocation as discussed above.
The SLK allocation system is expected to undergo major changes in upcoming years. The Organ Procurement and Transplant Network, the national organization responsible for establishing transplant criteria in the United States, has put forth a proposal for standardizing SLK listing criteria on a national level. 32, 33 It is unclear how this proposed policy change, if implemented, might affect the number of SLK transplants. Meanwhile, the number of deceased donor kidneys available for transplantation has remained flat in the past 5 years. It is thus likely that we will need to continue to balance between utility-and urgency-based allocation for the foreseeable future. We think a reasonable first step may be to explicitly introduce the measure of utility into the SLK allocation algorithm and reconsider SLK allocation in cases of a low-quality kidney with high KDPI score, where the expected utility decrement is high (~1.5 years in our analysis, Figure 4 ) and expected benefit is low. 31, 34 Ongoing efforts, including discovering better tools to predict kidney failure reversibility after liver transplantation and exploring alternative SLK allocation algorithms (such as the new Safety Net proposal), need to continue.
There are several important limitations to our analysis. As with most studies using registry data, we have limited granularity. For instance, we have data on the presence or absence of comorbid conditions, but not on severity or duration. We are unable to distinguish between CKD and AKI, and between functional impairment of kidney function, that is, hepatorenal syndrome, and intrinsic kidney disease. We addressed the issue of severity and duration of kidney disease by restricting our analysis to SLK recipients on dialysis for fewer than 90 days. The amount of missing data, especially in immunologic covariates including PRA and HLA mismatch (more likely to be missing in SLK than Ki/SPK transplants, as liver transplantation does not require reactive antibody screening and crossmatching), is another limitation, which we had sought to circumvent partly by our sensitivity analysis using multiple imputation.
In summary, we quantified the decrement in 10-year mean kidney allograft lifespan in SLK to be approximately 1 year compared with Ki/SPK transplantation. This decrement is driven by higher posttransplant mortality of SLK recipients across all age groups. Although this represents only the utility side of the equation, in consideration of the kidney allocation policy, results derived from this analysis of paired recipients provide the least biased estimates by which the benefits stemming from urgency-based allocation could be informed. The incremental benefit of SLK over liver transplant alone, or liver transplant followed by kidney transplant should be quantified to further inform SLK allocation.
